Abstract. In mammals, the signal transducer and activator of transcription (STAT) protein processes mitochondria importation targets and mitochondria respiratory complexes, and triggers reactive oxygen species (ROS) generation, which conversely rapidly initiates the activation of STAT. Interferon (IFN) administration increases cancer cell apoptosis via STAT activation and ROS accumulation. However, the existence of a STAT-ROS cycle and how it affects IFN-induced cancer cellular apoptosis are unclear. In the present study, we used MCF7 breast cancer cells and confirmed that a combination of IFN-α/β/γ incubation induced STAT1/3 phosphorylation and mitochondria importation, which increased mitochondria respiratory complexes, the cellular oxygen consumption rate (OCR), and ROS production, followed by cellular apoptosis. We also found that STAT1/3 overexpression induced mitochondria respiratory complexes and ROS production. Additionally, ROS induced by H 2 O 2 induced phosphorylation of STAT1/3 and promoted mitochondria importation. STAT1/3 deletion suppressed H 2 O 2 -induced acute cellular OCR, increasing the ROS level and indicating that STAT1/3 is necessary for ROS-induced mitochondria OCR and further ROS production, suggesting the existence of a STAT-ROS cycle. We next found that IFN induced mitochondria respiratory complexes followed by induction of OCR, ROS, and apoptosis, which were partially blocked by STAT1/3 deletion. Additionally, the suppression of ROS inhibited IFN-induced STAT1/3 activation. Finally, we discovered that this cycle exists also in A431 and HeLa cancer cells. These results indicate that a STAT-ROS cycle extends IFN-induced cellular apoptosis.
Introduction
The signal transducer and activator of transcription (STAT) proteins, including STAT1-6, share common structural domains of coiled-coil, DNA-binding, linker, SH2, and transactivation (from N-to C-terminal), and mediate many aspects of cellular apoptosis, DNA repair, differentiation, and cell cycle progression (1) (2) (3) . The primary activation of STAT is mediated by Janus kinases (JAK), which transmit extracellular signals to the cytosol and nucleus through transmembrane receptor/ ligands via the JAK-STAT pathway (4, 5) . In this process, STAT is modified by phosphorylation, glutathionylation, and acetylation, which facilitates STAT activation for transcriptional regulation of target genes (6) (7) (8) . STAT activation through these modifications contributes to specific cellular responses to cytokines, interleukins, peptide hormones, and growth factors (9) (10) (11) .
Recently, it was reported that STAT also has a cellular nongenomic function. STAT interacts with GRIM-19, a subunit of mitochondria respiratory complex I, which determines whether STAT3 is imported into mitochondria (12, 13) . Furthermore, there is direct evidence that STAT is present in the mitochondria of cultured cells and primary tissues. STAT mitochondrial importation selectively stabilizes and increases mitochondria respiratory complexes, allowing them to orchestrate responses to stimuli (14, 15) . As mitochondria respiratory complex I and III are thought to be the main source for ROS generation (16, 17) , it has been suggested that STAT1 facilitates ROS production and apoptosis (14) . Conversely, STAT activation in some instances seems to depend on ROS signaling (18, 19) . STAT1 and STAT3 are activated in fibroblasts and A431 carcinoma cells within 5 min after H 2 O 2 stimulation. Therefore, ROS is thought to be a second messenger to regulate STAT activation (20) . These reports strongly indicate that STAT and ROS form a positive STAT-ROS feedback loop, but its details are largely unknown.
Interferons (IFNs) belong to a large group of signal cytokines, which are released from host cells to communicate with other cells to trigger immune system defenses (21), helping to eliminate foreign bodies and malignant cells (22) . IFNs are divided into three types: type I, represented by IFN-α and IFN-β; type II, represented by IFN-γ; and type III, which was more recently discovered. It is already known that IFN-γ induces cellular apoptosis mediated by STAT1 activation (23) . IFN-β inhibits HepG2 cell viability via phosphorylation of STAT2 (24) . Also, an IFN-α/IFN-γ co-formulation is involved in the IFN-STAT-pathway and apoptosis in U87MG cells (25) . Some of the stimulated apoptosis may be explained by the upregulation of mitochondria respiratory complexes and ROS production (26, 27) . However, a pilot study of clinical IFN-α administration in melanoma patients indicated that a high dose of IFN is not necessary for optimal activation of immune signal transduction (28) . This indicates that some latent events beyond the IFN-STAT pathway may be involved in IFN-induced mitochondria respiratory complexes, ROS production, and cellular apoptosis.
In the present study, we directly investigated the potential STAT-ROS cycle in human cancer cells. We found that the STAT-ROS cycle extends the effect of IFN-induced cellular apoptosis. The novel mechanism of the STAT-ROS cycle may be of use to increase the efficacy of IFN administration clinically.
Materials and methods
Cell culture and reagents. The human breast cancer cell line of MCF7, carcinoma cell line A431, and cervical cancer cell line HeLa (Sigma, Shanghai, China) were cultured in RPMI-1640 (Thermo Fisher Scientific, Shanghai, China) supplemented with 10% FCS (heat-inactivated), 100 U/ml penicillin, and 100 mg/ml streptomycin, and were incubated at 37˚C in a humidified atmosphere with 5% CO 2 .
For some experiments, a combination of recombinant 100 U/ml IFN-α 2a, 100 U/ml IFN-γ (Sigma), and 100 U/ml IFN-β (Sino Biological, Beijing, China) were used for cell culture according to a previous report (29) .
STAT-overexpression in MCF7 cells was established using adenovirus transfection. Human STAT-1 adenovirus (Ad-h-STAT1) and human STAT-3 adenovirus (Ad-h-STAT3) were purchased from Vector Biolabs (Philadelphia, PA, USA). Briefly, the combined adenoviruses were diluted in RPMI-1640 (containing 10% FCS) and added to the cells at 37˚C for 24 h. After Ad-STAT1/3 transfection, the media were replaced with serum-free RPMI-1640 media. After 24 h, cells were used for experiments.
STAT knockdown in MCF7 cells was established by transfection with small interfering RNA (siRNA) (Invitrogen, Carlsbad, CA, USA). STAT1 siRNA (siSTAT1): 5'-GCGGAG ACAGCAGAGCGCCUGUAUU-3'; STAT3 siRNA (siSTAT3): 5'-GCCAAUUGUGAUGCUUCCCUGAUUG-3'; and negative control siRNA (siCont) by using Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. Twenty-four hours later, cells were used for various experiments. For H 2 O 2 treatment, H 2 O 2 (100 µM) was applied to MCF7 cells. N-acetyl-cysteine (NAC) (20 mM) (Sigma) was used for ROS inhibition.
Mitochondria isolation and preparation.
A large cell culture was prepared for mitochondria isolation with a 15-cm dish being used per sample. After cells were collected, cellular mitochondria extract buffer 1 (80 mM sucrose, 10 mM MOPS) was added and cells were homogenized at 1,500 rpm for 2 min. Then cellular mitochondria extract buffer 2 (250 mM sucrose, 20 mM MOPS) was added followed by centrifugation at 2,000 rpm at 4˚C for 10 min. The supernatant was collected and centrifuged again at 15,000 rpm at 4˚C for 15 min. The precipitate containing mitochondria was then dissolved in buffer 2 for protein quantification. Fifty micrograms of mitochondria were incubated with 50 µl proteinase K (50 µg/ml) to remove nonmitochondrial proteins (30) . Then mitochondria were dissolved in cell lysis buffer (CST, Shanghai, China) for western blotting.
Flow cytometry analysis. We performed FACS analysis to detect apoptosis. Cells were cultured in 60-mm dishes and exposed to IFN for 48 h. Cells (2x10 5 cells/500 µl) were labeled fluorescently to detect apoptotic and necrotic cells by adding 50 µl binding buffer and 5 µl Annexin V-FITC (Pharmingen, San Diego, CA, USA) as well as 2 µl of PI (Cedarlane Laboratories, Hornby, Ontario, Canada) to each sample. Samples were incubated at room temperature for 15 min after gentle mixing. A minimum of 10,000 cells within the gated region were analyzed by flow cytometry (Coulter Epics Altra flow cytometer; Beckman Coulter, Fullerton, CA, USA).
Extracellular flux analysis.
The cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured by a Seahorse XF 24 extracellular flux analyzer (Agilent Technologies, Shanghai, China). At the day of measurement, cells were changed to Flux condition medium and incubated at 37˚C for 1 h. Then cells were measured by baseline OCR and ECAR 3 times. The average values were calculated as the cellular OCR and ECAR. For measurement of cellular OCR response to H 2 O 2 , H 2 O 2 (100 µm) was injected into wells after the three basic measurements. Measurements were set to continue until the cellular OCR response returned to the baseline.
MitoSOX measurement. Cells were cultured in 96-well dishes. At the day of measurement, cells were washed twice by sterilized PBS, then cells were changed to 5 µM MitoSOX (M36008, Invitrogen, Shanghai, China)-containing HBSS medium for another incubation at 37˚C for 10 min. After three washes by warmed PBS, cells were measured at Ex/Em: 510/580 and protected from light. The blank was set by normal cells without MitoSOX incubation.
TUNEL assay. MCF7 cells were cultured in multi-glass slides. Before cells were prepared for staining, they were washed by sterilized PBS (5 min for three times), fixed by acetone (-30˚C) for 20 min, then washed with TBS. After a 1-h blocking by BSA at room temperature, cells were reacted using a TdT-FragEL DNA Fragmentation Detection kit (Calbiochem, USA) to quantify apoptosis. Counterstaining with fluorescence mounting medium containing DAPI (blue; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was performed to visualize normal nuclei. Slices were observed by use of a fluorescence microscope (Olympus FluoView™ FV1200).
Western blotting. Western blotting was performed as previously described (31) . Briefly, cells were collected in sterilized PBS. Whole cell lysates or isolated mitochondria were dissolved in cell lysis buffer (CST, #9803). Total protein was adjusted to 1 mg/ml, and 10 µl was applied to SDS-PAGE for 90 min, followed by transfer to PVDF membranes for 90 min. Then membranes were blocked in 5% skim milk for >1 h. After 3 washes by TBST, membranes were incubated in specific antibodies at 4˚C overnight. Membranes were washed by TBST 3 times, followed by incubation in second antibodies at room temperature for 1 h. After washing by TBST 3 times, a FluorChem E (Cell Biosciences, Beijing, China) imaging system was used to visualize the signals. First antibodies: STAT1 (#9172; CST), pSTAT1 (Tyr701) (#7649, CST), STAT3 (#4904; CST), pSTAT3 (Tyr705) (#4113; CST), ATP5A (ab110273; Abcam), UQCRC2 (ab103616; Abcam), SDHB (ab14714; Abcam), NDUFB8 (ab192878; Abcam), GAPDH (ab37168; Abcam), Hsp60 (ab46798; Abcam), caspase 3 (#9662; CST), caspase 9 (#9508; CST). All first antibodies were diluted 1,000-fold. Second antibodies: anti-mouse IgG antibody (#7076; CST), anti-rabbit IgG antibody (#7074; CST). All second antibodies were diluted 2,000-fold.
Statistical analysis. All results are reported as mean values ± standard error. Comparisons between two groups were performed by unpaired two-tailed t-tests. Multiple comparisons between more than two groups were performed by one-way ANOVA with Tukey's multiple comparisons test between each group. A value of p<0.05 was considered significant.
Results

IFN induces STAT mitochondria importation and increases cellular OCR, ROS, and apoptosis.
To clarify the role of IFN in cancer cells, we used MCF7 breast cancer cells. We first performed a time-course study of IFN incubation of MCF7 cells and found that IFN induces STAT1 and STAT3 (STAT1/3) phosphorylation, which reaches a peak after 48 h of incubation with IFN (Fig. 1A) . Meanwhile, after phosphorylation, we found increased STAT1/3 within mitochondria, indicating that IFN induces STAT1/3 mitochondria importation (Fig. 1A) . Additionally, IFN increased mitochondria respiratory complexes with upregulated OCR (Fig. 1B and C) . Since mitochondria respiratory complexes have been identified as the main source of ROS (16), we examined and detected increased ROS generation induced by IFN (Fig. 1D) . The higher ROS thus induced cancer cells apoptosis (Fig. 1E) . These results indicated that IFN incubation induces STAT1/3 mitochondria importation, OCR, increased ROS, and subsequent cellular apoptosis.
The feedback between STAT and ROS indicates the existence of a STAT-ROS cycle. Next, we examined the interaction and relationship between STAT and ROS. We overexpressed STAT1/3 and confirmed their increase in both cellular and mitochondria subfractions ( Fig. 2A) . Cellular ROS level increased after STAT1/3 overexpression (Fig. 2B) , indicating that STAT1/3 induces ROS generation. Conversely, to clarify whether and how STAT1/3 responds to ROS, MCF7 cells were incubated with H 2 O 2 , a type of ROS. We found that H 2 O 2 increased STAT1 and STAT3 protein expression and induced mitochondria importation (Fig. 2C) . The mutual feedback between STAT1/3 and ROS implied the existence of a STAT-ROS cycle. Recently, it was reported that production of ROS 4-hydroxynonenal, increases OCR, which is accompanied by more ROS production (32) . Increased ROS induces more ROS release, known as ROS-induced ROS release (RIRR) (33) . So as STAT1/3 and ROS induce each other, we next asked whether STAT1/3 mediates RIRR. We knocked down STAT1/3 using siRNA and measured cellular OCR and ROS levels. Interestingly, knockdown of STAT1/3 suppressed the OCR induced by H 2 O 2 treatment (Fig. 2D) as well as suppressed H 2 O 2 -stimulated ROS (Fig. 2E) . However, we found knockdown of STAT1/3 did not block the ROS increase induced by H 2 O 2 , that is because H 2 O 2 induced mitochondrial ROS include two parts: one part is the H 2 O 2 itself and the another part is the generated ROS from mitochondria stimulated by H 2 O 2 . So, it is correct that STAT1/3 inhibited only parts of the mitochondrial ROS, which maybe the mitochondrial generated ROS by H 2 O 2 . This result also demonstrated STAT1/3 suppression inhibited RIRR. These results suggested that ROS induces OCR, and that ROS generation is partially dependent on STAT1/3 activation. Taken together, we conclude that STAT1/3 and ROS form an intercellular STAT-ROS cycle, which amplifies ROS generation and enhances the ROS effect.
The STAT-ROS cycle extends IFN-induced cancer cell apoptosis.
As STAT-ROS cycle exists in MCF7 cancer cells (Fig. 2) , and IFN induces both STAT1/3 activation and ROS production followed by cellular apoptosis (Fig. 1) , we hypothesized that the STAT-ROS cycle plays a positive role in IFN-induced cellular apoptosis. Therefore, we checked whether and how the STAT-ROS cycle affects IFN-induced cellular apoptosis.
First, we confirmed the central role of STAT in IFN-induced cellular apoptosis. STAT1/3 deletion inhibited the IFN incubation-induced increase of mitochondria respiratory complex I and III (Fig. 3A) and the consequent increase in OCR and ROS (Fig. 3B and C) . Next, to test whether STAT1/3 deletion could suppress IFN-induced cellular apoptosis, we performed FACS, TUNEL assays, and looked for caspase activation. We found that cellular apoptosis was significantly inhibited by STAT1/3 deletion (Fig. 3D-F) , indicating a crucial role of STAT in IFN-induced ROS-dependent cellular apoptosis. Next, to clarify the role of ROS in the STAT-ROS cycle, we checked STAT1/3 activation after ROS inhibition under IFN incubation. We found that ROS inhibition by NAC did not affect the activation of STAT after a relatively short time (24 h) during IFN incubation; however, significantly suppressed activation of STAT did occur after a relatively long time (72 h) ( Fig. 4A and B) . Taken together, these results suggested that IFN-induced ROS generation is initially dependent on STAT activation, which induces ROS further and activated STAT in a later phase of IFN incubation, indicating that the STAT-ROS cycle extends the effect of IFN on cancer cells.
The STAT-ROS cycle exists in A431 and HeLa cells.
We demonstrated that the STAT-ROS cycle extends the effect of IFN-induced apoptosis in MCF7 cells. It has been reported that IFN activates STAT1 and induces apoptosis in both A431 and HeLa cells (34) . To determine whether this cycle is common within cancer cells, we examined the STAT-ROS cycle in A431 and HeLa cells. As expected, STAT1/3 deletion in both cell lines partially blocked the H 2 O 2 -induced increase in cellular OCR (Fig. 5A) as well as the H 2 O 2 -induced increase in ROS (Fig. 5B ), which were similar to that seen used in the MCF7 cells ( Fig. 2D and E) . These results indicated STAT suppression inhibited H 2 O 2 induced mitochondrial RIRR, demonstrated the STAT-ROS cycle exists also in A431 and HeLa cells. 
Discussion
The present study demonstrated a potential cycle between STAT1/3 and ROS in MCF7 cancer cells. This STAT-ROS cycle facilitates RIRR to enhance the ROS effect. When STAT1/3 was exposed to IFN, this cycle extended IFN-induced mitochondria-dependent cellular apoptosis. Additionally, we also found that this cycle exists in A431 and HeLa cells, indicating it is a common mechanism in cancer cells to amplify IFN-induced cellular apoptosis (Fig. 6) .
Chemical cycles are very important for the efficient usage of reagents and exist universally in vivo. For example, the tricarboxylic acid and lactic acid cycles. Although simpler than these classic chemical cycles, the STAT-ROS cycle may commonly exist in cancer cells, allowing for efficient use of ROS for further ROS production to damage cancer cells.
ROS-STAT cycle push ROS activity, make ROS more efficient than without STAT. Although we have domenstrated this mechanism was involved only in some cancer cells in the present study, we think this cycle seems not only limited to these cancer cells but also commonly exists in some normal cell (these speculation should to be confirmed). So, in our opinion, a bit ROS can be enlarged by ROS-STAT cycle, which makes ROS generationg and release more efficient. Clearly, oxidative stress clearance system was also involved in this cycle. Unquestionably, ROS-STAT cycle enhances the ROS clearance system, which was suppressed by STAT knockdown (data not shown). However, we think the activated ROS clearance system was dependent on ROS level due to ROS-STAT cycle, but not directly affected by this cycle, because ROS could activate oxidative stress clearance system directly.
We found that communication between mitochondria and cytoplasm was necessary for this reactive system. The STAT-ROS cycle begins with exposure to IFN to induce STAT, but ends with ROS production. It is thus necessary for ROS to move from mitochondria to the cytosol, which requires a reversible mitochondria permeability transition pore (mPTP) opening, an inner membrane anion channel (IMAC) opening, or mitochondria membrane potential (∆ψ m ) loss (33) . Interestingly, STAT3 can induce mPTP openings (35,36), and STAT1 and IRF1 synergistically induce ∆ψ m loss (14) , suggesting that STAT not only induces ROS production but also creates the necessary conditions (mPTP or lost ∆ψ m ) to facilitate ROS release from mitochondria. Released ROS induces cellular apoptosis but also further promotes ROS production through STAT mitochondria importation. NFκB has been reported to be activated by ROS and further induces STAT, indicating that NFκB may be involved in ROS-activated STAT (37) . However, in addition to STAT1 and STAT3, released ROS also activates STAT5 and STAT6 (38, 39) , though their effect on mitochondria is largely unknown. Therefore, it is necessary to investigate whether STAT5 or STAT6 are also involved in mitochondria importation.
There are two pathways for STAT signaling, the classical pathway in which phosphorylated STAT is translocated to the nucleus, and the non-classical pathway in which phosphorylated STAT is translocated to mitochondria (40) . Interestingly, these two distinct pathways are linked into an integrated system as STAT, in the classical pathway, it induces the transcription of mitochondria genes, while in the non-classical pathway, STAT-mitochondria importation further promotes mitochondrial activities such as ATP production and ROS generation (40) . Although the two distinct activities of phosphorylated STAT lead to some loss of mitochondria importation, nucleustranslocated STAT supports mitochondria biogenesis and activity to promote the STAT-ROS cycle.
STAT activation in cancer cells is common (41) (42) (43) (44) (45) (46) (47) . STAT activates the autonomous proliferation of SUM-102PT and MDA468 human breast cancer cells through an autocrine/ paracrine interaction with HB-EGF (41) , and in pancreatic cancer cells activates BxPC-3, AsPC-1, Capan-2, MiaPaCa-2, Panc-1, and HPDE-6 (42, 43) . It is activated in myeloma and lung cancer cells (44) as well as in prostate cancer cells (45, 46) . Although in most of these cancer cells, STAT phosphorylation is involved in tumor growth, and thus suppression of STAT activation should facilitate cancer cells apoptosis, the STAT/ROS cycle should extend the effect of ROS and facilitate tumor apoptosis (14, 18, 19) . The role of STAT in both tumorigenesis and tumor suppression may be explained by differences in the classical and non-classical pathways (48), namely genomic vs. non-genomic effects. It is therefore very important to understand how STAT classical or genomic pathway and non-classical or non-genomic pathway are mediated or balanced in specific cells. We hypothesize that the non-classical pathway, and not the classical pathway, is involved in STAT activation to induce cancer cell apoptosis. Considering this, the STAT/ROS cycle should only exist in mitochondria or be confined to specific intracellular locations.
In conclusion, we demonstrated the existence of a STAT/ROS cycle in some cancer cells (MCF7, A431 and HeLa). The STAT/ROS cycle involves STAT phosphorylation with mitochondria importation, mitochondria respiratory complex increase, and ROS production and release from mitochondria. This cycle extends the effect of IFN and facilitates Figure 6 . Conceptual schematic of hypothesis that IFNs induce STAT1/3 phosphorylation and subsequent mitochondrial translocation, which induces mitochondrial respiratory complexes and ROS production and release, which in turn further phosphorylates STAT1/3 and induces cellular apoptosis.
IFN-induced cancer cell apoptosis. This novel concept may provide new methods for improving IFN therapy.
